We propose to generalize the extensions of the Standard Model where the Z boson serves as a mediator between the Standard Model sector and the dark sector χ. We show that, like in the Higgs portal case, the combined constraints from the recent direct searches restrict severely the nature of the coupling of the dark matter to the Z boson and set a limit mχ 200 GeV (except in a very narrow region around the Z−pole region). Using complementarity between spin dependent, spin independent and FERMI limits, we predict the nature of this coupling, more specifically the axial/vectorial ratio that respects a thermal dark matter coupled through a Z-portal while not being excluded by the current observations. We also show that the next generation of experiments of the type LZ or XENON1T will test Z-portal scenario for dark matter mass up to 2 TeV. The condition of a thermal dark matter naturally predicts the spin-dependent scattering cross section on the neutron to be σ
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I. INTRODUCTION
The nature of the dark matter is one of the greatest puzzles in current science, once the dark matter constitutes approximately 23% of the Universe budget. There are many dark matter candidates in the literature, but the most seemingly promising ones are the so-called WIMPs (Weakly Interacting Massive Particles) for having a thermal cross section at the electroweak scale, naturally addressing the structure formation process, and being predicted in several extensions of the Standard Model (SM). However, the key point of any extension Beyond the Standard Model (BSM) is to understand the mechanism lying behind the processes, namely annihilations, scatterings and possibly decays, which mantain the dark matter into thermal and kinetic equilibrium in the early stages of the history of the Universe, prior to its decoupling from the primordial thermal bath. These same processes may be also active nowadays and can be probed by direct and indirect detection experiments. A microscopic approach, contrary to the effective one [1] , requires the presence of a mediator between the dark and visible sectors : any (non)observation in DM experiments can then be used to restrict the mass and coupling of the dark matter to its mediator given the condition it is thermal. Several particles were used as a mediator in the literature, from the Higgs boson [2, 3] to the supersymmetric pseudo scalar A or scalar H [4] passing through dilaton [5] or Z in gauge extensions of the SM [6] [7] [8] . Recently have been as well considered, alternatively, simplified setups without explicitly identifiying the mediator with a specific particle, see e.g. [9, 10] . The Z−portal can be considered, like the Higgs portal, as a minimal extension of the Standard Model. Indeed the Z is with the Higgs boson the only particles naturally present in the Standard Model which are able to play the role of mediator between arXiv:1411.2985v1 [hep-ph] 11 Nov 2014 the visible and the dark sector. However, the last LUX results [11] , combined with the invisible width of the Higgs excluded the Higgs-portal scenario for dark matter mass below 200 GeV [2] .
Even if the Z−portal scenario is naturally present in a large number of extensions of the SM (sneutrino or higgsino dark matter are Z−portal types as well as heavy neutrinos or models involving kinetic mixing or dark photons). In general they are excluded in their minimal version because of their strong vectorial coupling necessary to respect relic abundance bounds. Such large vectorial couplings are indeed prohibited by direct detection limits [12] . In all these extensions, the axial coupling A χ (see eq. (1)) of the Z boson to the dark matter is naturally of the order of magnitude of its vectorial coupling V χ . The deep reason is that in a framework of SU (2) L × U (1) breaking the original SU (2) L condition (V χ = A χ ) is only mildly modified by the dynamic of the breaking. The main idea of our work, is to generalize the Z−portal scenario without imposing any relation between the vectorial and axial part of the coupling of the Z−boson to the dark matter particle. We then study the nature of the coupling (vectorial versus axial) still allowed by the combined analysis of nowadays experiments. It has been shown recently in [13] and [14] that the presence of pure axial coupling can reopen a large region of parameter space excluded by vectorial interactions, and we show that this is also the case in the Z−portal scenario. A Majorana dark matter is a typical example of a particle coupling purely axially to the Z and to which our study directly applies.
The paper is organized as follows. After a brief description of the model and our notation, we compute the annihilation cross section in a generic Z−portal dark matter scenario. We then apply the LEP constraints on the Z−width, spin-dependent/independent direct detection cross section, obtained by the LUX collaboration, and indirect detection from the FERMI telescope. We then explore the possibility that the Z−portal scenario can explain the excess of gamma-ray observed from the Galactic Center before concluding.
We give all the necessary analytical formulae in the appendix, whereas approximated ones are used throughout the text to understand the physical phenomena at play. Our numerical analysis is obviously made by using the exact equations.
II. THE MODEL A. The Lagrangian
The most generic way to describe the effective interaction of a dark matter particle with the Standard Model sector is to write the couplings in term of its vectorial and axial part. Indeed the nature of the interaction determines completely the phenomenology of the dark sector. We then consider the following Lagrangian:
with g the electroweak coupling 1 (g 0.65), V f,χ and A f,χ the vectorial and axial charges respectively. f represents the Standard Model fermions with:
θ W being the Weinberg angle and T 3 f the isospin number of the fermion f with electric charge q f .
Notice that this lagrangian is not manifestly SU (2)×U (1) invariant and should be then complemented at high energy. A very simple option consists into higher dimensional operators coupling the DM with the Higgs boson and its covariant derivatives [14, 15] which give eq. (1) when the Higgs boson aquires vev. Alternatively one can consider a kinetic mixing scenario with the Z lying at a much higher scale than the Z-boson. We will discuss this point in more details later on.
B. Dark matter annihilation and PLANCK constraints
The dark matter phenomenology depends strongly on the different final states kinematically open. For instance, helicity suppressions present in the case of two fermionic final states is absent for ZZ or Zh final states. We have then distinguished three scenarios:
mχ < mW
In this case the dominant channel is the dark matter annihilation into fermion pairs mediated by the Z boson (see fig.(1) ). The reader can find in the appendix the general formulae for the annihilation cross section (eq.(A2) and (A9)). For a Dirac dark matter one obtains 2 :
2 We obviously run the numerical analysis with the exact formulae for the annihilation cross sections, the simplified equations are given to understand the dominant mechanisms dominating the process. Our results have been as well validated through the package MI-CROMEGAS [16] (the authors want to thank particularly A. Pukhov for the support provided). 
v being the relative (Möller) velocity between annihilating dark matter particles (v 0.24 at the decoupling time) and n f c the color number of the fermion f . We should made several useful comments on this annihilation expression. First of all we remark that the s-wave contribution associated to the axial coupling A χ is helicity suppressed and then it is not totally negligible only for the bb final state, although suppressed as m 2 b /m 2 χ ; the contribution to the annihilation cross-section from the axial coupling is then substantially dominated by the velocity dependent term at the decoupling time.
On the other hand, in presence of a sizable vector coupling V χ , the DM annihilation into fermions is rather effective and could be potentially the source of an indirect detection signal at present time. However, as discussed below, this possibility is already excluded by the very severe limits, from direct detection experiments, on the dark matter spin independent cross-section, obtained by LUX, which is very sensitive to V χ .
In the case of a Majorana dark matter the vectorial coupling cancels 3 , strongly relaxing the limits from direct detection, but implying, at the same time, poor detection prospects for indirect detection, because of the velocity and mass suppression of the DM annihilation cross-section. A Majorana dark matter in the Z−portal framework is then very difficult to detect, except in accelerators searches, where the nature of the coupling does not play any role. On the other hand, to respect relic abundance, the model needs a relatively large axial coupling A χ to compensate the helicity suppression and avoid overabundance of dark matter. This situation is similar to a fermonic dark matter in the classical Higgs portal where velocity suppression in σv implies a large coupling to the Higgs, that is already excluded by spin-independent direct detection constraints as it has been shown in [2] . Majorana dark matter however is not yet excluded by present direct detection constraints, as the spin-dependent bounds (depending only on the axial coupling) are much weaker than the spinindependent ones (which are proportional to the atomic weight square A 2 of the nucleus target).
However, nothing forbids a Dirac dark matter to develop a hierarchy between its vectorial V χ and axial A χ coupling, opening a parameter space where the direct, indirect accelerators and cosmological constraints are still satisfied. Indeed, the pure vectorial, or well tempered mixed coupling to the Z is excluded since long time ago (see [12] for instance) since the spin-independent direct detection cross section for a Z−portal with A χ V χ respecting WMAP/PLANCK constraints [19, 20] exceeds the present limit obtained by LUX [11] or XENON100 [21] collaborations.
As an illustration, we show in fig.( 2) in full line the constraint on A χ for A χ = V χ , obtained by LUX, as function of the mass of the dark matter. From eq. (3) we understand that when m χ m Z the relic abundance constraint σv = σv thermal 2.6 × 10 −9 GeV −2 implies that m χ × A χ const, except the Z-pole region m χ m Z /2 when the value of A χ should be particularly small since the cross-section encounters a s-channel resonance 4 .
For completeness, we also plotted in fig.( 3) the PLANCK constraints for different values of the ratio α = |A χ |/|V χ |. An interesting example is the pure axial case, because less constrained by direct detection as we will see in the next section. In this case, the dominant term in the cross section is
and gives the cosmologically favored value σv PLANCK 2.6×10 −9 GeV −2 , for e.g. m χ = 9 GeV and |A χ | ∼ 3. As can be seen, eq. (4) is in agreement with the numerical result we obtained in fig.( 3) for the axial case V χ = 0.01A χ . In order to respect the relic abundance for a given mass, the value of the axial coupling should be much larger, order of the velocity suppression v 2 /6 0.1, than the one required for the vectorial coupling V χ to satisfy the same constraint. This can also be observed on fig. (3) by comparing the pure axial (|A χ | |V χ |) and the mixed case (|A χ | = |V χ |).
In this small (20 GeV) window, the bb s-channel final state competes with the ZZ t-channel and the W W s-channel final states (see fig.(1) ). For m χ > m Z one obtains 6 (we let the reader to have a look at the appendix for the exact analytical formulae):
vectorial operators can contribute to the s-wave term. One can also remark that both crosssections feature (although only in the p-wave term for the ZZ channel) enhancement factors
These originate from the longitudinal components of final state gauge bosons. We will further develop this point in the next subsection.
As soon as the Zh final state is open, it largely dominates the dark matter annihilation process, in competition with the W + W − channel. One can also notice, in figs. (2) and (3), the little "bump" for m χ = 175 GeV corresponding to the opening of the tt final state (contributing to around 10% to the total annihilation process): one needs a lower value of |A χ | once the tt final state is open as this new contributions increase the dark matter depletion at the decoupling time. The channels Zh and tt are on the proportion 90% / 10 % whereas the W W channel depends strongly on |V χ | and thus on α. We obtain in the limit
We remark that one should put particular care in interpreting these results in the high DM mass region. By increasing the DM mass, indeed, the DM annihilation cross-section starts to be sensitive to the UV completion leading to eq. (1) and its behavior might be different from the one reported. We remind in particular that the enhancement factor m 2 χ /m 2 V may led to violation of unitarity unless a UV complete model, to describe consistently the annihilation into gauge bosons at high DM masses, is adopted. For illustration we show in fig.(2 The lines corresponds to the PLANCK constraint (full red) ) [20] , Z−width (full grey) [22] , FERMI dwarf galaxies (dash-dotted red) [23] and LUX (dashed red) [11] . In the blue region the lagrangian (1), assuming that it arises from the operator introduced in [14] , does not provide a consistent description and should be replaced by the UV complete model.
for which the lagrangian (1) does not provide a reliable description, in the case it originates from the effective operator reported in section III E with the scale of New Physics Λ set to be of the order of the EW scale [14] . For the considered range of DM masses, analyzed in this work, our results can be regaded as reliable.
III. ANALYSIS A. Z−width constraint
As the invisible Higgs constraint is the strongest one in the case of Higgs portal, one can notice that the Z−width constraint is the strongest one in the Z-portal when m χ < m Z /2. Indeed,the total width is given by
Imposing that the Z−width lies within the LEP experimental bounds [22] Γ Z = 2.4952 ± 0.0023 GeV, gives a limit on the non-standard invisible width, Γ χ Z 2.3 MeV. We illustrate this constraint in the specific case |A χ | = |V χ | on fig.( 2) (solid gray line). It is easy to compute from eq. (7) the relation between |A χ | and |V χ | induced by the condition Γ χ Z 2.3 MeV:
03. This limit is independent on the dark matter mass, even near the threshold. For a more complete analysis, with different values of the ratio α = A χ /V χ , one can have a look at fig.(3) : it is interesting to notice that, contrarily to direct and indirect detection cases, the Z−width is almost insensitive to the nature of the coupling (see eq. (7)): the axial and vectorial contributions are of the same order of magnitude.
We can then directly link the relic abundance limit with the Z-width constraint. Combining eqs. (3) and (7) gives:
with
. We can then compute the minimum value of m χ allowed by both the relic abundance constraint of not over close the Universe ( σv ≥ 2.6 × 10 −9 GeV −2 ) and the Z−width to stay in the experimental limit set by LEP (Γ The full lines correspond to the PLANCK constraint, the dashed line to LUX constraint (the green one for the pure axial case) whereas the dot-dashed ones are the FERMI limits from dwarf galaxies. See the text for details.
23 GeV, whereas the pure axial case (α 1) gives m χ 31.5 GeV. We can recover these values with a more complete numerical analysis illustrated in figs. (2) and (3) . In the case of Majorana DM we have V χ = 0 and the decay width of the Z into DM is reduced by a symmetry factor 1/2. This leads to a slightly weaker limit of 28.5 GeV.
B. Direct detection cross section
Recently, the LUX collaboration [11] set the strongest constraints on the spin independent (SI) as well as spin dependent (SD) dark matternucleon cross section. Other experiments are still in the race like XENON100 [21] and PandaX [24] which will soon provide their new limits. The interesting point in direct detection constraints is the complementarity between the SD and SI searches. Indeed, contrary to the conventional Higgs portal scenario, where the scalar interaction contributes only to the SI scattering cross-section, in the Z-portal framework one can use a combined analysis to restrict the (V χ ,A χ ) parameter space for each value of the dark matter mass: the SI elastic scattering cross section on a nucleon N, σ SI χN being exclusively dependent 7 on V χ whereas the SD elastic scattering being exclusively dependent on A χ . It becomes then possible to express the thermal cross section σv exclusively as function of the physical observables σ SI χN and σ SD χN and the mass of the dark matter particle as was done in the case of a generic Z model in [25] . It is easy to understand that the expression is of the form σv
, with c 1 and c 2 of the same order of magnitude. The limit on the spin independent cross section settled by LUX experiment [11] being so stringent (almost 4 to 5 orders of magnitudes compared to the spin dependent one, also set by LUX) that the conservative upper limit on σv is uniquely determined by the upper limit on σ SD χN , and more precisely σ SD χn given by LUX 8 which is the strongest spin dependent constraint 9 at present [9, 26] .
We then obtain at the first order in velocity (see the appendix for the complete set of analytical formulae) in the case of m χ 100 GeV: (9) where the coefficient α SD n is defined in the ap-7 see the appendix for the complete set of analytical formulae 8 LUX, like other xenon-type detectors, is much more sensitive to the scattering cross section on neutrons since the contribution from neutrons to the nuclear spin exceeds by an order of magnitude the one of protons. 9 An analysis on the spin dependent constraint from χn interaction was already made in 2012 for the XENON experiment in [27] .
pendix and is given by:
The sum is over the xenon isotopes, with relative abundance η A . In the case of xenon detector like LUX we have two contributions from Xe 129 and Xe 131 and α SD n 0.65.
It is interesting to notice that, the lower bound on σv , from the requirement of nonoverclosure of the universe by a thermal relic, turns into a lower bound on σ SD χn which can be tested by future experiments. Indeed, under the conservative hypothesis σv 2.6 × 10 −9 GeV −2 one obtains from eq. (9) σ SD χn
Our purpose is clearly illustrated in fig.(4) where we have plotted the spin dependent scattering cross section of the dark matter on the neutron as function of the dark matter mass in comparison with limits of COUPP [28, 29] and LUX [9] as well the expected sensitivity for the future LZ detector [9, 30] and the determination, provided in [9] , of the neutrino background [31] , which sets the maximal sensitivity achievable for this kind of direct dark matter searches. We notice that, except for a little region around the Z−pole mass, the Z−portal model is excluded for dark matter mass below 200 GeV, a situation comparable with the Higgs-portal model [2] .
One can also better understand the situation by computing the ration α = A χ /V χ necessary to respect in the meantime the LUX and PLANCK constraint, which is illustrated in fig.(5) . We   FIG. 4 . Limit on the neutron-χ spin dependent cross section s function of mχ and prospect for the future LZ project. We also present the neutrino scattering limit [31] which is lying inside the region where dark matter should have a non-thermal history to avoid the overclosure of the Universe.
clearly see that, for dark matter mass below 1 TeV, α 1 which means that the coupling of the thermal dark matter to the Z boson should be almost purely axial to respect both constraints. It is only for m χ 2 TeV that the vectorial nature of the dark matter begins to be allowed due to the weakness of spin-independent limit set by LUX for such heavy masses.
Our determination of the limits from DM Direct Detection have been validated by complementing our analytical treatment with the numerical package described in [29] .
C. FERMI constraint
Indirect detection of dark matter is also an efficient field to constraint extensions of the Standard Model. The most effective limits are at the moment given by γ-ray emission in dwarf galaxies, which can provide very strong limits on the annihilation cross-section in view of the large dark matter / visible matter ratio in these objects. Limits on the DM annihilation crosssection into fermion and W -boson pairs are pro-
FIG. 5.
Region allowed by the combined LUX/PLANCK/LEP/FERMI constraint in the plane (α = Aχ/Vχ, mχ). We notice that, except in the Z−pole region, mχ 130 GeV for any value of α, and even mχ 2 TeV for α = 1.
vided by the FERMI collaboration in [23, 32] while constraints in the other final states including gauge/higgs bosons have been determined e.g. [33, 34] .
We show in fig.(3) the constraints on the axial coupling A χ exctracted from the FERMI analysis, on the two channels dominating the DM pair annihilation cross-section at present times, i.e. the bb, for m χ 100 GeV, and Zh, in the high mass regions, for |V χ | = |A χ |, 0.1|A χ |, 0.01|A χ |. We show as well the bounds from the correct relic density and from direct detection obtained by LUX. The bounds from FERMI are much weaker especially with respect to the ones extracted from LUX.
The impact of dark matter indirect detection, with respect to the other observables, is evidenced in fig.(6) . In this figure we plotted the dark matter annihilation cross-section at freeze-out, for three values of α = |A χ |/|V χ | = 1, 10, 100 while setting V χ to the limit imposed by LUX, together with the present time annihilation cross-sections for the most relevant channels (bb and Zh). These values are compared with the present limits [23] form dwarf sphero- = 1 (Red), 10 (Blue), 100 (Magenta). The gray dashed line represents the current FERMI constraint from observation of DSph, while the light-gray one is the projected sensitivity in 10 years. The two violet dashed lines are the limits from antiprotons extracted from PAMELA in [37] for the "MAX" and "MIN" choices of the propagation parameters.
dial galaxies
10 as well as a future projected sensitivity [35] . We can see that the constraints from dark matter indirect detection are irrelevant, for dark matter masses below the Zh thresold. Indeed the thermally averaged crosssection of the dark matter at freeze-out can achieve the cosmologically favored value only for α between, approximately, 10 and 100 (in the case α = 1 the bb cross-section at present time is actually of the same order of the one at freezeout. However the annihilation cross-section for α = 1 must be much lower than the PLANCK favored value in order to satisfy the constraints on V χ from LUX). For such values of α, the W + W − , ZZ and the ff final are strongly velocity dependent such that their present time annihilation cross-sections are suppressed with respect to the cosmological ones. The only sizable contribution is given by the bb channel which, in the v → 0 limit, is determined by its helicity suppressed s-wave term.
The situation is instead different if the Zh final state is kinematically accessible. In such a case, the annihilation cross-section is always dominated by an unsuppressed s-wave contribution and its present time value is not very different from the one relevant for the DM relic density. Current indirect detection constraints in such a case limit the rise of the cross-section with the DM mass, although the thermal value is still viable for α up to 100 and a future increase of the sensitivity can probe thermal DM candidates for α even lower than 10. For comparison we have also reported in fig.(6) limits from antiprotons derived in [37] for the two extremal choices, dubbed "MIN" and "MAX", of the propagation parameters. The different choices of these parameters induce extremely strong uncertainties in the bounds. We nonetheless remark that for the "MAX" choice antiprotons bounds already probe the thermal DM region for α ∼ 100.
Galactic Center signal?
Recently, the authors of [38, 39] , reanalyzing the FERMI data from the Galactic Center, made the claim (also confirmed more recently by [40] ) of an excess of gamma rays around the galactic center compatible a dark matter mass of 30 − 50 GeV, mostly annihilating into bb with an annihilation cross section of σv
Remarkably, this mass range substantially corresponds to the Z-pole region which, as one can see in fig.(4 space (V χ , A χ ) satisfying the correct DM relic density and at the same time accounting for the GC excess, according the determination of [40] .
We clearly see that it is not possible to satisfy both requirements, while being in agreement with LUX data. This is due to the fact that direct detection constraints can be satisfied only for |A χ | |V χ |. In this regime, as discussed above, the present time DM annihilation cross-section is very different from the one at cosmological times. Their ratio can be esti-mated, using eq.(3), as 11 :
The value of this ratio is too low to be compatible with the Galactic Center signal. Indeed in order to reproduce it a value of the present time annihilation cross-section similar to the cosmologically one is required, i.e.
σv v→0 σv f.o.
1.

D. Accelerator constraints
The Z-portal scenario could be in principle tested at LHC through searches of associated production events, like monojet events. However the expected prospects are rather poor. Indeed the production cross-section are largely suppressed by the current missing energy cuts and by kinematics at high DM masses [9, 41, 42] . Moreover it would be problematic to disentangle the signal for background originated by Z →νν. This expectation is confirmed by analysis like the one presented in [9, 14] , which show much less stringent bounds on A χ with respect to dark matter observables.
Z-portal models in the low DM mass region could be probed instead at future e + e − collider, in which an improvement in the measure of the Z invisible width is feasible [43] .
E. Examples of models
As already mentioned in the first section, the lagrangian written in eq. (1), should be regarded 11 Notice that expression (12) is not strictly valid at resonance, i.e. mχ ∼ m Z 2
. In this case the ratio can be only computed numerically and his value is even lower than the one determined analytically. as just the low energy limit of a UV-complete model. A covariant formulation can be performed in terms of effective operators. A very simple choice, although not unique (see e.g. [44] for an alterative choice in the case in which the DM is assumed to be charged under SU (2) × U (1)), is:
where H is the Standard Model Higgs doublet. After EW symmetry breaking we have
4 cos θ W Z µ and we thus obtain (1) by defining V χ = v 2 h Λ 2 v χ and A χ analogously. Notice this operator also adds new contribution, from a four-field contact interaction, to the amplitude of the χχ → Zh process as well as a new annihilation channel into two Higgs bosons with cross-section:
Alternatively a renormalizable interaction between the DM and the Z boson can be obtained in model with an extra U (1) gauge symmetry. The DM originally interacts with the gauge bosons of this extra symmetry in the conventional form χγ µ D µ χ. At the same time the kinetic mixing term δB µν B µν is in general allowed by gauge invariance. After EW symmetry breaking an interaction between the Zboson and the DM is induced. This would be the only relevant interaction of the dark matter with the visible sector in the case m Z m Z . The lagrangian (1) would mimic the kinetic mixing scenario provided that
and A χ = 0 where g D and q D are, respectively, the new gauge coupling and the charge of the DM under the new gauge group. As evident in this last case we would have a rather different phenomenology with respect to the one discussed in this paper and would not be possible to a viable DM scenario excepted for DM masses in the multiTeV range. Notice that, in presence of the only vectorial coupling, the enhanchment factor m 2 χ /m 2 V would be present only in the W W annihilation channel, however there are no problems with respect to unitarity because of the suppressed coupling. Interactions between the Z-bosons and fermionic DM are also present in supersymmetric theories. Here the scenario of pure axial couplings is naturally realized since the conventional LSP, i.e. the neutralino, is a Majorana fermion. We remark in particular that recent studies [45, 46] have found that a partial contribution to the relic density from Z mediated annihilation can accomodate a viable DM scenario accounting from the GC excess, although the latters require the presence of a light CP-odd higgs as mediator of the present time annihilations.
IV. CONCLUSION
In this work, we have studied the so-called Z−portal, where the mediator between the dark sector and the Standard Model is the Z−boson. Our results are well summarized in the fig.(3) and (4) . We showed that in the case of a hierarchy between the axial and the vectorial part, a part of the parameter space is still allowed. For m χ 200 GeV, a ratio |V χ |/|A χ | 10 −2 − 10 −1 is imposed by the combined constraints of LUX, PLANCK, and FERMI collaborations, implying an almost purely axially coupled dark matter to the Z boson. Within these constraints it is not possible to fit the galactic center gamma-ray signal since the required mass corresponds to a suppressed annihilation crosssection at present times. For heavier masses of the dark matter candidate (m χ 1 TeV), universal coupling (|A χ | |V χ |) are still allowed. The next generation of experiments will be able to test/exclude completely the Z−portal extension for dark matter masses below 2-3 TeV.
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where the extra factors depending on Z and A, for the SI case, and S A p,n , i.e. the proton and neutron contributions to the nucleus spin, in the SD case, have been introduced in order to directly compare these cross-sections with the experimental results, since these customarily assume equal interactions of the DM with proton and neutrons. This is not the case of Z-portal scenarios. The sums run over the isotopes, with relative abundace η A , of the target material [47] . In the case of SD cross-section only the isotopes with odd number of nucleons give non-zero contribution.
Annihilation Cross sections
The DM annihilates into fermion pairs. We identify the following three contributions to the pair annihilation cross-section:
where µ f,χ = m f,χ √ s and β = 1 − 4µ 2 χ . We can correlate these contributions to the annihilation cross-section to the scattering cross section of the DM as:
The thermal average is defined as:
a. Velocity expansion of the annihilation cross section
Away from resonances, a manageable analytical expression for the thermally averaged pair annihilation cross section is obtained by performing the formal velocity expansion, in the non-relativistic limit, as defined in [18] . The thermally averaged cross section can be computed as:
where:
This kind of integral can be analytically computed by considering an expansion in series of of σv lab , namely:
for our computation the first two terms of the expansion are relevant. These are given by:
As evident, the contribution to the 0th−order term proportional to the DM axial coupling is proportional to the SM fermion mass, and thus suppressed, while the corresponding 1st-order term not. A reliable computation thus requires an expansion featuring at least the first two orders. Plugging the result above into the integral (A5) we obtain the thermally averaged annihilation cross section up to the O(v 2 ): 
where v = 3T /m χ .
The other annihilation channels can be evaluated through an analogous procedure. By increasing the DM mass first opens the annihilation channel into two W-bosons whose thermally averaged cross-section is: 
In the case m χ > m Z we have to add the contribution of the χχ → ZZ annihilation: 
and v h is the vev of the Higgs.
